Macrolide 2-phosphotransferase [MPH(2)] transfers the ␥ phosphate of ATP to the 2-OH group of macrolide antibiotics. The role of aspartic acids in the putative ATP-binding site of MPH(2)II was investigated through the substitution of alanine for aspartate by site-directed mutagenesis. D200A, D209A, D219A, and D231A mutant strains were unable to inactivate the substrate oleandomycin, while a D227A mutant retained 7% of the activity of the original enzyme.
Osaka, Japan, and restriction enzymes and DNA modification enzymes were purchased from Toyobo Co., Osaka, Japan.
The MPH(2Ј)II-encoding gene, mphB, used in this study was cloned from E. coli CU1, which was isolated in 1997 from clinical material in Japan (20, 21) . An approximately 1.0-kb DNA fragment carrying mphB was inserted into the multiple cloning site of pHSG398 (Takara Shuzo Co., Ltd., Tokyo, Japan), and the resultant plasmid was designated pKTA321. Using the specially designed primers ECMPHBF-1 (5Ј-GCG ATAGAATTCAAGGAGAAATAATATGACCGTAGTCA CGACCGCCGAT-3Ј) and ECMPHBR-1 (5Ј-GTTTTCCCA GTCACGACGTTGT-3Ј), mphB was amplified by the PCR method. The DNAs so produced were digested with EcoRI and PstI. The resulting DNA fragments were inserted into the EcoRI-PstI site of pKF18k (Takara Shuzo Co., Ltd.) to construct a template, designated pKFB280, for site-directed mutagenesis.
Chemically synthesized mutant primers for site-directed mutagenesis (11) in the mphB gene were designed from published sequence data and purchased from Life Technologies, Inc. The sequences of the primers were 5Ј-GATTCATGGCGCCGTA CATGCCGG-3Ј, 5Ј-ACTATGATCGCGAAGGATGCCAAT G-3Ј, 5Ј-AATGTGACAGGCCTAATCGCTTGGAC-3Ј 5Ј-A AGGTTACAGCTGTTTCGCATGAC-3Ј, and 5Ј-GTTTCGC ACGCGTTTATTTTCAAC-3Ј, and they were used to create D200A, D209A, D219A, D227A, and D231A mutants, respectively. The underlined letters indicate base mismatches compared to the wild-type sequence. A Mutan-Super Express kit (Takara Shuzo Co., Ltd.) with E. coli MV1184 for the Oligonucleotide-directed Dual Amber-Long and Accurate (ODA-LA) method was used for construction of mutant mphB by using pKFB280 as a template. The cycling program consisted of an initial incubation at 94°C for 5 min; 30 cycles of 93°C for 1 min, 52°C for 2 min, and 72°C for 2 min; and a final step of 72°C for 6 min. The mutant genes were completely sequenced by the chain termination method using a DSQ-1000 DNA sequencer (Shimadzu Co., Kyoto, Japan) and specific fluorescein-labelled primers designated RV22-FITC (5Ј-CACACAG GAAACAGCTATGACC-3Ј) and M422-FITC (5Ј-CCAGGG TTTTCCCAGTCACGCC-3Ј) to confirm the desired change in the nucleotide sequence. These mutant plasmids were digested with Eco47III and PstI. The resulting approximately 520-bp DNA fragment was used to displace the corresponding region of mphB on pKTA321.
Macrolide-inactivating activity was measured (10) thin; TOYO Filter Co., Ltd., Tokyo, Japan), and the disk was heated in a microwave oven to stop the reaction. The residual potency of the antibiotics was determined by microbioassay using Bacillus subtilis ATCC 6633 (9) as an indicator organism on a nutrient soft agar upper layer and a nutrient agar lower layer. Change in D200. In a previous study of aminoglycoside 3Ј-phosphotransferase IIa [APH(3Ј)IIa], D190, which corresponds to D200 of MPH(2Ј), was replaced with glutamine (Q). The affinity of D190Q for ATP was the same as that of the wild type, and there was a slight retention of enzymatic activity (6) .
It has also been reported that a D190A mutant of APH(3Ј)IIIa had no enzymatic activity (4), and it was proposed that D190 of APH(3Ј)IIIa was a general base activating the 3Ј-OH group to attack the ␥ phosphate of ATP.
In the case of MPH(2Ј)II, the specific enzyme activity of D200A was less than 0.1% of the original activity, thereby demonstrating that D200 is essential for the catalytic activity of MPH(2Ј)II. These results suggested that D200 might similarly be a general base activating the 2Ј-OH group of macrolide antibiotics.
Changes in D209, D219, and D231. In earlier work, D208 and D220 of APH(2Ј)IIa [corresponding to D219 and D231 of MPH(2Ј)II, respectively] were each replaced with glycine (6). The results suggested that D208 and D220 are involved in the binding of ATP. Our testing determined that the specific activities of D219A and D231A for oleandomycin were less than 0.1 U (nanomoles of oleandomycin inactivated per hour), which suggested that D219 and D231 were an essential for enzymatic activity. These aspartic acids were highly conserved in motif II in the same way as D208 and D220 of APH(3Ј), so that the role of D219 and D231 might be correspondingly similar.
The specific activity of the D209A mutant was also less than 0.1 U, which suggested that D209 is crucial for catalysis. The amino acid corresponding to D209 in MPH(2Ј)II has not been studied in APH and other phosphotransferases, so further experimentation is needed to clarify the precise role of this residue.
Change in D227.
The specific activity of the D227A mutant was greatly reduced, but measurable activity (7%) was retained (Table 1 ). This suggested that D227 is not essential for, but clearly affects, enzymatic activity. The substrate specificity of D227A for various macrolides was examined ( Table 1 ). The data showed that substitution at D227 resulted in a much less significant alteration of the substrate specificity of MPH(2Ј)II for 14-membered ring macrolides, such as erythromycin, troleandomycin (16), roxithromycin, and clarithromycin and 15-membered ring macrolides such as azithromycin, in contrast to that for 16-membered ring macrolides such as spiramycin and rokitamycin. In the latter two cases, activity was decreased by at least 25-fold compared with that of the wild type. In the other 16-membered ring macrolides, the relative activities of D227A demonstrated a 12-fold reduction for kitasamycin, similar activity for josamycin, and a fourfold reduction for tylosin compared with that of the wild type. These results suggested that D227 participated in the recognition of 16-membered ring macrolides, especially kitasamycin, spiramycin, and rokitamycin.
In spite of structural differences among macrolides, specific activities for 14-and 16-membered ring macrolides with the original enzyme were not so very different from each other (about 50ϳ200% of that of oleandomycin). Additionally, there is poor homology between MPH(2Ј) and erythromycin esterase in their primary amino acid sequences, so that it is difficult to identify the 14-membered ring recognition site in these macrolide-modifying enzymes. Kitasamycin, josamycin, and rokitamycin have a bulky side chain at the 4Љ position of L-mycarose, whereas spiramycin and tylosin have a small OH group at the same position. On the other hand, 14-and 15-membered ring macrolides do not have L-mycarose at the 4Ј position of Ddesosamine.
On the basis of this information, we predict that MPH(2Ј)II might more strongly interact with the sugar moiety than the lactone ring and we speculate that D227 makes a pocket where a The specific activity of the wild type enzyme for oleandomycin was 121 nmol/h/mg of protein and that of the D227A mutant was 8.5 nmol/h/mg of protein.
the desosamine and mycarose moieties fit. To identify the exact part of the macrolide which interacts with D227, a more detailed examination will follow in our laboratory.
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